Rod-shaped single crystals of NaPd 3 Ge 2 with a length of ∼1 mm were grown using the self-flux method. The electrical resistivity exhibits a metallike temperature dependence with a kink at 115 K, which is due to a structural phase transition not observed in the previous study using polycrystalline samples. The high-temperature phase of NaPd 3 Ge 2 crystallizes in an orthorhombic structure of the space group Imma, while the low-temperature phase is isostructural to NaPd 3 Si 2 (space group: Imm2) as determined by the single-crystal X-ray diffraction analyses at 90 K. The density of states and total energies obtained by the density functional theory calculations reveal that both phases are metallic, and the lowtemperature structure is more stable.
Introduction
In the ternary compounds of (A, AE, RE)-(Pd, Pt)-E system (A = alkali elements; AE = alkaline earth elements; RE = rare earth elements; and E = group 14 elements), the noble metals atoms (Pd and Pt) and E atoms having similar electronegativities bond with each other to form various anionic clusters and networks by receiving electrons from the less electronegative A, AE, or RE atoms. [1] [2] [3] The electrical and magnetic properties of the compounds in the (AE, RE)-(Pd, Pt)-E systems have been studied extensively; [4] [5] [6] [7] [8] [9] [10] [11] however, the reports on the A-(Pd, Pt)-E ternary compounds are limited, [12] [13] [14] [15] [16] [17] [18] and both crystal structures and physical properties have been studied for only a few compounds. [19] [20] [21] Thronberens et al. 13) and Kuckel et al. 14) synthesized a series of ternary compounds of the A-(Pd, Pt)-E system, such as Ax (Pd, Pt) 4 E 4 (A = Na, K, Rb, E = Si, Ge) and NaPd 3 E 2 (E = Si, Ge, Sn), and determined their crystal structures.
Ax (Pd, Pt) 4 E 4 crystallizes in the tetragonal KPd 4 Si 4 -type structure (space group: I4/mcm, a = 8.263-8.685 Å, c = 4.571-4.732 Å). 13, 14) In this crystal structure, Pd/Pt and the E atoms form a three-dimensional network including tunnels along the c-axis direction, and the A atoms are statistically distributed in the tunnels. Recently, the electrical resistivity of a sintered Na 1.12 Pt 4 Si 4 sample was measured in the temperature range of 3-300 K, and its metallic conductivity was reported. 21) NaPd 3 Si 2 has an orthorhombic ErRh 3 Si 2 -type crystal structure [Imm2, a = 7.244(1) Å, b = 9.764(1) Å, c = 5.685 (1) Å] and NaPd 3 Sn 2 has a hexagonal CeCo 3 B 2 -type structure (P6/mmm, a = 5.7772(1) Å, c = 4.229(1) Å]. 13) In both crystal structures, Na atoms are arranged in the tunnels of the framework composed of Pd and Si/Sn atoms. The Pd atoms form a Kagome lattice, and the Si and Sn atoms construct distorted-and undistorted-honeycomb lattices, respectively. The Pd Kagome lattice and Si/Sn honeycomb lattices are alternately stacked in the tunnel direction. Recently, Ali et al. determined the crystal structure of NaPd 3 Ge 2 by single-crystal X-ray structural analysis with consideration for triple twins. 20) It crystallizes in an orthorhombically distorted-hexagonal CeCo 3 B 2 -type structure [Imma, a = 7.047(1) Å, b = 9.938(1) Å, c = 5.767(2) Å at 100 K], which could be regarded as an intermediate structure between the crystal structures of NaPd 3 Si 2 -and NaPd 3 Sn 2 -types. 20) Ali et al. have also reported that the polycrystalline samples of NaPd 3 E 2 (E = Si, Ge, Sn) exhibited metallic electrical characteristics in the temperature range of 2-300 K, and no structural phase transition was observed in the temperature range of 100-300 K. 20) In the present study, we grew the NaPd 3 Ge 2 single crystals that were up to 1 mm in length. The electrical resistivity measurements and X-ray structural analysis of the single crystals revealed a structural phase transition of NaPd 3 Ge 2 at 115 K. The electronic states and stability of the high-and low-temperature phases were investigated by the density functional theory (DFT) calculations.
Experimental methods
Na lump (Nippon Soda 99.95%), Pd wire (0.20 mm diameter; Nilaco 99.95%), and Ge powder (Mitsuwa Chemicals 99.999%) were used as the starting materials. These materials were weighed at the molar ratio of Na: Pd: Ge = 16:1:4-16:4:1 with excess Na, which acted as a self-flux (total amount = ca. 100 mg). The starting materials were placed in a BN crucible and then enclosed in a stainless-steel (SUS) container in a glovebox under Ar atmosphere. The container was heated up to 1423 K for 4 h in a normal box-type electric furnace, then cooled to 873 K over the duration of 24 h, and subsequently furnace-cooled to the room temperature. The crucible was taken out from the SUS container in the ambient atmosphere, and the sample was first washed with alcohol, and then with distilled water.
The crystalline phases of the samples were identified by Xray diffraction (XRD) using a Bragg-Brentano-type powder diffractometer (Bruker AXS D2 PHASER; CuKα radiation). The cell parameters of the crystalline phase were refined using the TOPAS software. 22) To analyze the crystal structures of the synthesized single crystals, the XRD data were collected by a single-crystal X-ray diffractometer (Bruker AXS D8 QUEST; Mo Kα radiation). The measurement temperatures were set to 300, 250, 200, 145, and 90 K, and the data analysis and unit-cell refinement were performed using the APEX3 software package. 23) The software CELL_NOW 24) was used to identify and isolate the twin domains, and the TWINABS program 25) was applied for the absorption correction. An initial structural model was generated using a direct method using with the APEX3 software package, and the crystal structure was refined using the SHELXL-2014/7 program installed with the WinGX software. 26, 27) Visualization of the crystal structures was performed using the software packages, VESTA 28) and Crystal Maker. 29) Scanning electron micrographs of the samples were taken with an electron probe micro-analyzer (EPMA) system (JEOL JXA-8200). Quantitative elemental analysis was carried out with a wavelength-dispersive X-ray (WDX) spectrometer attached to the EPMA. The electrical resistivity of the single crystals was measured by the four probe DC method using a Quantum Design physical property measurement system, where electrical contacts to the sample were made using gold wires and silver paint.
The structural relaxation and the electronic structure calculations based on DFT were performed using the "Advance/PHASE" software package (Advance Soft Corp., Japan), where the experimental values of the lattice parameters and internal coordinates were used as initial values. The electron exchange-correlation potential is described by the generalized gradient approximation with Perdew-Burke-Ernzerhof functional. 30) The plane-wave cutoff energy of 490 eV (18 Hartree) and the threshold of 2.7 × 10 −7 eV (1 × 10 −8 Hartree) were set for the selfconsistent field (SCF) convergence of the total electronic energy. The integration of the Brillouin zone was performed using the 4 × 3 × 5 and 14 × 10 × 17 k-point grid sampling for the calculation of the SCF cycle and density of states, respectively.
Results and discussion

Synthesis
The sample prepared with the composition ratio of Na:Pd: Ge = 16:1:4 as source materials contained numerous silvercolored needle-and rod-like crystals with diameter in the range of 1-35 μm and a maximum length of 2.0 mm. The chemical composition of the rod-like crystals determined by the WDX analysis showed Na = 18.5 (18) , Pd = 50.0(13), Ge = 31.4(6) wt% [total = 99(3) wt%]. This WDX result corresponds to the molar ratio of Na:Pd:Si = 1.14(13):3.07 (8):1.93(4), which is close to an ideal elemental ratio of NaPd 3 Ge 2 within the measurement error.
The sample prepared from the raw materials with a stoichiometric composition of NaPd 3 Ge 2 (Na:Pd:Ge = 16:3:2) exhibited an aggregate of small NaPd 3 Ge 2 crystals with various shapes. Rod-like single crystals formed in this sample were 0.1-0.6 mm or smaller in length. These crystals were smaller in size than the crystal samples grown with the molar ratio of Na:Pd: Ge = 16:4:1. Except NaPd 3 Ge 2 , no ternary compound was observed in this study when the Pd:Ge ratio was varied from 4:1 to 1:4.
Electrical resistivity
The measured electrical resistivity for the single crystal of NaPd 3 Ge 2 in the temperature range of 2-300 K is shown in Fig. 1 . The single crystal had a rod-like shape that was 35 μm in diameter and 931 μm in length. The resistivity was measured along the longitudinal direction that was confirmed to be the a-axis direction through the XRD analysis, which corresponds to the tunnel direction in the crystal structure framework. The electrical resistivity of the single crystal decreased with decreasing temperature from 186 μΩ cm at 300 K to 11 μΩ cm at 2 K, exhibiting a metal-like behavior ( Fig. 1) . At 115 K, a kink was observed in the electrical resistivity, and there was no evidence of hysteresis between the cooling and heating curves.
According to Ali et al., 20) the electrical resistivity of a polycrystalline sintered sample of NaPd 3 Ge 2 decreased from 550 μΩ cm at 300 K to 275 μΩ cm at 2 K, and no kink was observed in their study (Fig. 1) . The density of the polycrystalline sintered NaPd 3 Ge 2 sample was not reported in their paper, and the intrinsic electrical resistivity of NaPd 3 Ge 2 was probably not evaluated due to the grain boundaries and voids in the polycrystalline sample.
Crystal structure
The temperature-dependent XRD measurement of a NaPd 3 Ge 2 crystal was performed at 300, 250, 200, 145, and 90 K. The NaPd 3 Ge 2 single crystal was found to have the same triple twins as reported by Ali et al. 20) The crystal data and results of the structural refinement are presented in Table I . In Table II , the atomic coordinates of NaPd 3 Ge 2 at 300, 145, and 90 K as well as their equivalent isotropic atomic displacement parameters are summarized. Details of the data collection and refinement results are listed in Appendix A-C. The crystal structures at temperatures from 300 to 145 K were identified as same as that determined by Ali et al. at 100 K [space group Imma (No. 74)]. 20) However, the crystal structure of the single crystal at 90 K belonged to the space group Imm2 (No. 44) ( Table I) . The residual factor (R1) for the refinement of all data measured at 90 K and the residual electron density values 20) The micrographic image inset shows the single crystal with gold electrodes and silver paste contacts. calculated by the difference Fourier synthesis, were reduced from 4.41% to 0.92% and from 8.631 e Å −3 and −8.166 e Å −3 to 1.833 e Å −3 and −1.611 e Å −3 , respectively, by adopting the Imm2 structure instead of the Imma structure. This low-temperature phase (Imm2) is isostructural with an isoelectric compound, NaPd 3 Si 2 [Imm2, a = 7.047(1), b = 9.764(1), c = 5.685(1) Å]. 13) Figure 2 shows the refined lattice parameters and the unit cell volume of the single crystal of NaPd 3 Ge 2 in the temperature range of 90-300 K. The lattice parameters decreased monotonically at the rate of 0.1%-0.2% with a decrease in temperature from 300 and 145 K. At 90 K, the lengths of the b-and c-axis deviated from the extrapolated dashed lines shown in Fig. 2 , whereas the length of the aaxis and the unit cell volume coincide with the extrapolated lines. The structural phase transition of NaPd 3 Ge 2 occurred at 115 K, the temperature at which a kink was observed in the temperature-dependent electrical resistivity data (Fig. 1) . Figure 3 shows the refined crystal structures of NaPd 3 Ge 2 at 145 K (Imma) and 90 K (Imm2). The phase transition from the high-temperature phase to the low-temperature one is accompanied by a slight distortion. In both structures, Pd and Ge atoms are connected in a zigzag manner to form a framework structure with tunnel spaces extending along the a-axis direction. Na atoms are located in the tunnels on the b-c plane of the Ge atom arrangement. The space group Imm2 (90 K) is a subgroup of Imma (300-145 K). The high-temperature phase (Imma) has four sites: two Pd sites, [Pd1 (8 f ) and Pd2 (4c)]; one Ge (8 h) site; and one Na (4e) site, whereas the low temperature phase (Imm2) has six sites: two Pd sites [Pd1 (8e); Pd2 (4c)]; two Ge sites [Ge1 (4d), Ge2 (4d)]; and two Na sites [Na1 (2b), Na2 (2a)] (Table II) .
To illustrate the difference between the crystal structures with the space groups Imma and Imm2, the atomic arrangements of Pd and Ge atoms along the a axis are shown in Fig. 4 . The Imma structure at 145 K demonstrates a uniform arrangement of Pd atoms at the Pd2 sites with the same distance between two Pd atoms (d Pd2-Pd2 = 3.62885 (16) Å) along the a-axis, whereas the Imm2 structure at 90 K demonstrates an alternate arrangement of Pd atoms with 2a 0 0 0.000(2) 0.009 (2) two different Pd2-Pd2 distances as 3.3940 (15) Å and 3.5587 (15) Å, respectively.
Electronic state calculation
The electronic state calculation based on the DFT was performed for both phases using the parameters obtained from the refined crystal structures at 145 K (Imma) and 90 K (Imm2) as initial values. The electronic band structures and density of states (DOS) calculated for both phases are shown in Appendix D and Fig. 5 , respectively. There are small differences in the band structures, for example, along Γ to X direction, while, the DOS of both phases were similar in a wide energy range, and the values at the Fermi level (ε f ) were finite and equal. These results were consistent with our experimental results obtained from the electrical resistivity measurement of the NaPd 3 Ge 2 single crystal, which exhibited metal-like behavior with a small change in the temperature dependence of electrical resistivity due to the phase transition. The calculated total energy of the high temperature phase was −391.89517 Hartree, which was slightly higher than that of the low-temperature phase (−391.89532 Hartree). The energy difference of 1.4 × 10 −4 Hartree between both phases corresponds to 4.0 × 10 −3 eV, suggesting that the crystal structure of Imm2 is more stable than that of Imma at 0 K.
Conclusions
The rod-shaped NaPd 3 Ge 2 single crystals of ∼1 mm length were synthesized by reacting the constituent elements in appropriate ratios using the self-flux method at 1423 K. The temperature-dependent electrical resistivity of the single crystal showed a metal-like behavior, and a kink in the temperature dependence was observed at 115 K with no thermal hysteresis. The single-crystal XRD analysis in the range of 90-300 K revealed that the kink was associated with a structural phase transition from the hightemperature phase (Imma) to the low-temperature phase (Imm2) at 115 K. The electronic state calculations demonstrated that both phases were metallic, and the low-temperature phase was more stable at 0 K. These calculation results are consistent with our experimental observations. 
